A 522-base-long Y-chromosomal sequence was isolated from a BALB/c genomic library and was designated "BF046." It is repeated about 200 times in the male genome, and a difference was detected between the A4u.s musculus musculus and the A4. m. domesticus type Y chromosomes.
Introduction
The mammalian X and Y chromosomes are thought to have originated from an ancestral pair of homologous chromosomes, and during the course of evolution the Y chromosome lost many of its original genes and has become specialized in sex determination (Ohno 1967, pp. 5-8 1) . The fact that the X and Y chromosomes of marsupials and eutherian mammals differ considerably in the morphology, whereas the X and Y chromosomes in monotremes are homologous over the entire long arm, representing an intermediate stage in sex chromosome evolution, supports Ohno's view (reviewed by Graves and Watson 199 1) . In eutherian mammals, meiotic crossing-over between the X and Y chromosomes is limited to a small pairing region that shows extensive homology and is also known as the pseudoautosomal region. Consequently there is little, if any, exchange of DNA between the X and Y chromosomes, and the Y chromosome is mostly monosomic. Because of the relative inertness of the Y chromosome, DNA sequences have considerable freedom to change within this chromosome.
Amplification is one of the most ob-vious changes, as much of the Y chromosome consists of highly repetitive DNA sequences (e.g., see a recent discussion by Charlesworth 199 1). The mouse Y chromosome is rich in repetitive sequences, and their isolation has been reported by several groups (Either et al. 1983; Nallaseth et al. 1983; Lamar and Palmer 1984; Bishop et al. 1985; Baron et al. 1986; Nallaseth and Dewey 1986; Nishioka and Lamothe 1986; Nishioka 1988a Nishioka , 19883, 1989 Hutchison and Either 1989) . Studies of the accumulation patterns of repetitive sequences in the genus Mus demonstrated that mouse Ychromosomal sequences have evolved rapidly (Nishioka and Lamothe 1986; Nishioka 19883, 1989; Either et al. 1989; Platt and Dewey 1989; Tucker et al. 1989; Nishioka et al. 1993a Nishioka et al. , 1993b .
In the genus Mus, M. musculus, M. spicilegus (also named M. hortulanus; Bonhomme and G&net 1989; Auffray et al. 1990) , and M. spretus are phylogenetically closely related, and the latter two species are known to interbreed with laboratory strains of M. musculus (Bonhomme et al. 1978 (Bonhomme et al. , 1984 Potter 1986 ). These three species diverged from one another 2-4 Mya, but their precise phylogenetic relationships have not been established (Ferris et al. 1983; Bonhomme et al. 1984; Bonhomme 1986; Marshall 1986; Hammer and Wilson 1987; She et al. 1990) ) although the results obtained with a mouse satellite sequence gave us the impression that the genetic distance between M. musculus and M. spicilegus might be less than that between A4. musculus and M. spretus (Nishioka 1989) . Y-chromosomal repetitive sequences appear to evolve quickly. Therefore, they may prove useful for evaluating genetic distances among closely related species. With this in mind, we isolated a new Y-chromosomal repetitive sequence ( BF046) from a BALB/c mouse (M. musculus) and studied its amplification patterns in eight mouse species. As predicted, male-specific accumulation of BF046-related sequences was found only in three closely related species: M. musczdus, M. spicilegus, and M. spretus. We then isolated 18 additional sequences from the three species and compared them at the nucleotide level, for one of the first studies on mouse Y-chromosomal repetitive sequence families.
Material and Methods

Mouse Strains
BALB / c and C57BL / 6 mice were purchased from the Jackson Laboratory (Bar Harbor, Maine). Inbred SWV and hybrid mice produced by crossing (C3HX 10 1) F1 males to C57BL/6 females were provided by Dr. . The systematics of the genus Mus is controversial, and whether "musculus" and "domesticus" are two independent species or two subspecies within M. musculus remains to be clarified. In the present report, we have adopted the subspecies designation recommended by Bonhomme and Guenet ( 1989) and consider inbred strains as subspecific hybrids of M. musculus ( Festing 199 1) .
Isolation of BF046
DNA was isolated from a male BALB /c mouse, was digested partially with MboI, and was fractionated by sucrose-gradient ( 20%-40% ) centrifugation. By using DNA fragments of 15-20 kb in length, a genomic library was constructed in EMBL3 (Promega, Madison), which was screened with 145SC5, a mouse Y-chromosomal sequence (Nishioka 1988a; Prado et al. 1992) . Among nine positive clones identified, clone lambda 4 contained a 0.5-kb EcoRI fragment that hybridized preferentially to male DNA, although longer exposure detected a hybridization band in female lanes. This fragment was subcloned into Bluescript (Stratagene, La Jolla, Calif.) and was designated "BF046."
Filter Hybridization DNAs isolated from the liver were digested with EcoRI, electrophoresed in 0.1% agarose gel, and transferred to membrane filters (S & S Nytran; Schleicher and Schuell, Keene, N.H.) by the method of Southern ( 1975 ) . Filters were hybridized to 32P-labeled BF046 in a solution containing 5 X saline sodium citrate (SSC; 1 X SSC = 0.15 N NaCl and 0.0 1 N sodium citrate), 50% formamide, 5% dextran sulfate, and 0.1% sodium dodecyl sulfate in the presence of denatured herring-sperm DNA (50 ug/ml) overnight at 42°C. The filters were washed twice (30 min each) in 2 X SSC at 65°C and exposed to Fuji RX films at -70°C with Cronex intensifying screens.
DNA Sequencing DNA sequences were determined by the dideoxy chain-termination method of Sanger et al. ( 1977 ) , using a Sequenase version 2.0 sequencing kit (United States Biochemical, Cleveland) with 35S-dATP ( Amersham, Oakville, Ontario) as the radioactive precursor. Oligonucleotide primers were purchased from Stratagene. The sequences generated were compiled and analyzed using the PC/Gene program (Intelligenetics, Mountain View, Calif.) and DNA Inspector (Textco, West Lebanon, N.H.) , respectively.
Estimation of Copy Number
The approximate copy numbers of BF046 sequences in the genome were estimated by dot blot analysis as described elsewhere (Nishioka and Lamothe 1986 ).
Isolation of BF046-related Sequences
Male DNAs, isolated from M. musculus (BALB/ c, C57BL/6, and SWV), M. spicilegus, and M. spretus, were digested with EcoRI and electrophoresed in a 1 .O% agarose gel. DNA fragments 0.5 kb in size were eluted from the agarose gel and cloned into hgt 11. The libraries were then screened for the presence of BF046-related sequences. DNA inserts isolated from 18 positive clones were subcloned into Bluescript for nucleotide sequencing.
In Situ Hybridization
Metaphase spreads were prepared using mouse spleen cells and hybridized to biotinylated BF046 in a solution containing 50% formamide, 10% dextran sulfate, 2 X SSC, and denatured salmon-sperm DNA (0.6 ug/ml), overnight at 37°C. The slides were incubated with avidin-FITC (fluorescein isothiocyanate; Vector Laboratory, Burlingame, Calif.) ( 5 ug/ml) in the presence of 4 X SSC, 0.05% Tween 20, and 5% nonfat milk, Nishioka et al.   BF046  c573  BF2  swv2  SWVl  swv4  c575  swv3  c571  H31  H32  H34  H35  H37  SP35  SP42  SP40  SP31  SP32   BF046  c573  BF2  swv2  Swvl  swv4  c575  swv3  c571  H31  H32  H34  H35  H37  SP35  SP42  SP40  SP31  SP32   3  3 : Position 8 9
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(B) reverse transcribed and inserted into the genome (reviewed by Vanin 1985 ) . However, the position of AA-TAAA, the consensus sequence usually present lo-30 bases 5 ' to the poly ( A) tail ( Proudfoot and Brownlee 1976) ) makes the above possibility unlikely, because the nearest AATAAA sequence was found 250 bases away from the poly( A) sequence (Y. Nishioka, unpublished observation).
Comparison of BF046-related Sequences
Because of the rapid evolution of Y-chromosomal repetitive sequences, analysis of their nucleotide sequences may prove useful for estimating genetic distances among closely related species, and we sequenced 18 additional BF046-related clones (eight from M. musculus and five each from M. spicilegus and M. spretus; table 1). When these 18 sequences, plus BF046, were aligned with CLUSTAL V, the 19 sequences could be divided into two subgroups on the basis of the presence or absence of two inserts ( fig. 5 ) . One is a long 5 8-base insert that occurred between positions 325 and 326 of BF046. The other is a T-rich sequence of various lengt immediately preceding the nine T's present in BFO (380-388).
These two inserts were present in the clones isolated from M. spicilegus (clones SP3 1, SP: SP35, SP40, and SP42) and M. spretus (clones H: H32, H34, H35, and H37) but absent in the M. muscu (BF046, BF2, C573, C575, C577, SWVl, SWV2, SW\ SWV4) clones. Since the evolutionary processes that 1 to the presence or absence of the two inserts are t known, numerical analyses were carried out after moval of the two consistent inserts. The remaining pa of the sequences were similar in content and length, w a range of 52 l-523 bases ( fig. 6) .
The PAUP analysis generated the dendrogn shown in figure 7 . The sequences H3 1, H32, H34, HI and H37 were designated as an outgroup in the PAI generation of this tree. The bootstrap analysis sugge that there are four subgroups, although the clustering SP40 with SP35 and SP42 is slightly less secure than I clusterings for the other subgroups. The subgroups z as follows: subgroup 1 -SP35, SP40, and SP42 (> spretus); subgroup 2-C573, C575, C577, SW\ SWV2, SWV3, SWV4, BF046, and BF2 (M. muscul only) ; subgroup 3-SP3 1 and SP32 (M. spretus) ; a subgroup 4-H31, H32, H34, H35, and H37 (M. 3 cilegus only).
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We speculate that in the putative ancestral species there existed a low number of repeats of the BF046-type sequence and that the acquisition or activation of an amplification signal, as yet undetermined and presumably located at each end of a repeating unit, resulted in rapid expansion of the BF046 family. The absence of the two inserts distinguishes M. musculus clones from those of M. spicilegus and M. spretus. In view of the phylogenetic relationships among the three species, it seems unlikely that the two sequences were inserted into the genomes of M. spicilegus and A4. spretus at the identical positions after their divergence from the M. muscuhs lineage. Currently we favor the view that the two sequences were lost in the A4. musculus lineage shortly after its divergence from the other two lineages, although this study does not exclude the possibility that the ancestral species had at least two types of BFO46-related sequences (one with the inserts and the other without them), and preferential amplification of either type resulted in the present situation. The divergence in the noninsert portion apparently resulted in the M. spretus Y chromosome having two types of BF046-related sequences. Such changes, which could not be confirmed through analysis until the common inserts fig. 6 . A multiplesequence alignment was first calculated using the CLUSTAL V package. The PAUP package (version 3.1.1) was then used to search the aligned sequences. Bootstrap percentage support for 1,500 replicates is shown on the tree branches, and branch lengths are proportional to the number of inferred changes.
in A4. spicilegus and M. spretus clones had been removed, distinguish SP42 / SP35 / SP40 from SP3 1 / SP32 and must have taken place relatively early in the evolution of the three species. Two types of Y chromosome are present in inbred strains, the M. m. musculus type and the M. m. domesticus type. BALB/c and C57BL/6 possess "musculus" type Y chromosomes, whereas SWV has a "domesticus" type Y chromosome (Nishioka 1987) . The lack of significant quantitative difference among sequences isolated from BALB/c, C57BL/6, and SWV suggests that the overall genetic distance between the M. m. musculus and the M. m. domesticus Y chromosome is extremely small. This view is further supported by our study on another Y-chromosome-sequence family (Nishioka et al. 1993a ). BF046-related 'sequences differentiate among M. musculus, M. spicilegus, and M. spretus. However, as pointed out elsewhere (Nishioka 1988b; Nishioka et al. 19933) ) caution must be exercised in the phylogenetic interpretation of data obtained with Y-chromosomal repetitive sequences. In fact, the presence of the two conspicuous indels within a short sequence (OS-O.6 kb) may be viewed as a good illustration of the evolutionary instability of the BF046-sequence family. More comparative studies are needed to solve the apparent trifurcation among these three species.
